Runoff in the Yellow River (YR) of China is steadily declining due to climate change and human activities. In this study, the basic trend and abrupt changes of precipitation at 63 meteorological stations and runoff as measured at six hydrological stations from 1956 to 2010 are analyzed. Results indicate that 38 stations exhibit negative precipitation trends. These stations are mainly located in the lower reaches. All six hydrological stations exhibit declining runoff trends. Abrupt runoff changes were mainly noted in the downstream portion of the basin. These variations then expanded to the middle and upper reaches. A precipitation-runoff double cumulative curve was used to detect the breakpoint of the precipitation-runoff relationship and to identify the impacts of human activities on runoff in the YR. Results show that the relatively uniform precipitation-runoff relationship has changed since 1993 in the upstream reaches and since 1970 in the middle and downstream reaches.
INTRODUCTION
Recent climate research suggests that the world is warming and the climate is changing. These changes will impact water resources. Therefore, runoff generation and environmental variations have become important hydrologic issues over the past 20 years. Environmental changes can be grouped into two categories: climate-driven changes and human activities (Franczyk & Heejun ; Zhang et al. , a, b; Raghavan et al. ) . The former includes temperature and precipitation changes. The latter includes population, water use, fertilizer consumption, river damming, domestic water consumption and industrial water consumption increases. In semi-arid and arid regions, water resources, primarily runoff, are highly sensitive to climate change. Changes in temperature and precipitation can affect evapotranspiration rates, soil moisture, and runoff regimes. Small changes in climate variables may result in significant variations in hydrological cycles and subsequent changes to regional water resources (Lioubimtseva & east for a total of 5,464 km before debouching into the Bohai Sea, draining a basin area of approximately 752,000 km 2 ( Figure 1) . The headstream of the YR is covered by snow and frozen soil for the whole year, and the area from upstream to Lanzhou is the main source of water resources, and approximately 54% of the river runoff is from this area.
From the Lanzhou to Toudaoguai station, the river runs through the influx region in the Loess Plateau, and little flow runs into the river. From Toudaoguai to Huayuankou station, runoff increases with the inflow of several tributaries.
Except for the water supply from the melted ice cover on the Qinghai-Tibet Plateau, precipitation is the major source for river runoff and controls the drought-flood cycles of the river. As a result, the precipitation distribution and trends could affect the water resources to a large extent. Due to global climate change, the mean values of temperature, precipitation, and runoff are not constant in the Yellow River Basin (YRB). The YR runoff has decreased by over 80% Precipitation and runoff are two critical processes in the hydrological cycle. The main objectives of this study are as follows: (1) to explore the temporal and spatial patterns of precipitation and runoff in the YR; (2) to determine abrupt runoff changes via the sequential (3) to analyze the relationships between runoff and precipitation in different sections of the YR basin; and (4) to explore the effects of human activities and precipitation variations on runoff change.
YRB
The YR crosses 'the three major stairs' of the macroscopic landform structure of China, i.e., the Qinghai-Tibet Plateau, the Loess Plateau, and the North China Plain, and empties into the Pacific Ocean. It drains a wide basin and exhibits a variety of geological and climatic features. In terms of physical geography, the YRB is located in the transitional zone between arid and sub-humid climates. Much of the The mean annual precipitation and temperature of the YR are highly variable across the river basin and correspond with changes to the geology of the river. The upper reaches are located in arid regions with low annual precipitation (368 mm/year). The semi-arid middle reaches have an annual precipitation of 562 mm/year, while the lower reaches are more humid, with an annual precipitation of more than 600 mm/year. The annual mean temperature varies from 1 to 4 W C in the upper reaches, 8 to 14 W C in the middle reaches, and 12 to 14 W C in the lower reaches, with the highest temperatures occurring in July and the lowest in January. Table 1 lists the mean precipitation and runoff values in different 
DATA AND METHODS

Data preparation
Daily precipitation data in the YRB were collected from January 1956 to December 2010 by the China Meteorological
Administration. Monthly and annual precipitation were established from the collected data. Monthly precipitation data sets from 63 meteorological stations are used in this study. These stations are shown in Figure 2 . The observed runoff is used to investigate stream flow changes at the Guide, Lanzhou, Toudaoguai, Sanmenxia, Huayuankou, and Lijin hydrological stations ( Figure 2 ). Furthermore, to analyze the sensitivity of runoff to precipitation, the 'naturalized runoff' was used instead of the observed runoff, reducing the influence of human activities, such as domestic, industrial, irrigation, and dam-control water use. These data were provided by the Yellow River Conservancy Commission (YRCC).
To explore the runoff response to precipitation in different sections of the YRB, the basin has been divided into four sections: (1) the region above Lanzhou station, denoted the Lanzhou section, includes 11 meteorological stations, which were used to analyze the precipitation variation in this section;
(2) the region from Lanzhou to Toudaoguai station, called the 
Under the null hypothesis of no trend, the statistic d k is distributed as a normal distribution with the expected value of E(d k ) and the variance Var(d k ) as follows:
We defined the following:
UF k follows the standard normal distribution. In a twosided test for trend, the null hypothesis is rejected at the significance level of α if |UF| > UF (1Àa/2) , where UF (1Àa/2) is the critical value of the standard normal distribution with a probability exceeding a/2. A positive UF value denotes a positive trend, and a negative UF value denotes a negative trend. In this paper, a significance level of a ¼ 5% is used.
The terms of the UF k (1 k n) constitute curve C 1 , which represents the forward trend of the series. Applying the method to the inverse series, we could obtain the series of UB k as follows:
The terms of UB k constitute another curve C 2 , which represents the backward trend of the series. If the intersection point of the C 1 and C 2 is between the two confidence lines, we can consider that abrupt breakpoint occurred at that point.
To analyze the precipitation-runoff relationship and address the impacts of precipitation and human activities on runoff, DMCs and linear regression relationships were used to show the correlation between cumulative annual runoff and precipitation. Regression analyses can effectively analyze the relationship between precipitation and runoff.
The least-squares linear model is the most common method used to detect trends. In addition, the method is commonly used for statistical diagnoses and forecasting in modern climatology (Hameed et al. ; DaSilva ) .
The linear trend of the annual precipitation series, which was calculated using the least-squares regression, was chosen in this paper because it provides the simplest model of the unknown trend. The estimated slopes were tested against the null slope hypothesis using a two-tailed T-test at a confidence level of 95%.
The DMC is a method to check the consistency and longterm trend of many kinds of hydro-meteorological data. The In this study, based on the annual precipitation and runoff, the DMC of precipitation and runoff was first plotted to investigate the abrupt breakpoint and the proportional relationship between cumulative precipitation and annual runoff. For the N-year observation period, two discrete variables P i (annual precipitation) and R i (annual runoff) are used to calculate the corresponding annual cumulative values. New accumulated sequences of P 0 i and R 0 i are obtained and can be expressed as follows:
where t is the length of the observation sequence.
The breakpoint of the cumulative precipitation and runoff curve divided the time series into a reference period (before the breakpoint) and affected period (after the breakpoint). Based on the least-squares regression, a linear regression analysis was performed to explore the relationship between cumulative precipitation and cumulative runoff in the reference period. According to the linear regression equation, the calculated runoff (Q calculated ) in the affected period can be obtained by substituting the precipitation value of the affected period into the equation.
By subtracting the mean observed annual runoff in the referenced period (Q referenced ) from the calculated values (Q calculated ), the runoff change caused by precipitation can be estimated (ΔQ p ). The total change of the observed runoff (ΔQ o ) compared with that in the referenced period (Q referenced ) can be expressed as follows:
Then, the runoff change caused by human activities (ΔQ h ) can be estimated by Equation (9). Thus, the effects of precipitation and human activities on runoff change can be calculated using the following equation:
where Q observed is the mean annual observed runoff during the affected period and C p and C h are the percentages of runoff change caused by precipitation and human activities, respectively.
RESULTS
Annual precipitation trend
The annual precipitation for the Lanzhou section, Toudaoguai section, Huayuankou section, and Lijin section (from 1956 to 2010) is presented in Figure 3 . The average annual precipitation is 483 mm, 261 mm, 559 mm, and 645 mm, respectively, for these sections. 
Abrupt precipitation change
The number and frequency of abrupt changes identified using the Mann-Kendall test are shown in Figure 6 and 
Temperature variations
The temperature trend in the YRB has increased over the past 60 years. This trend was particularly significant after the 
Abrupt runoff changes
The Mann-Kendall test was used to graphically illustrate the observed runoff trends before and after abrupt changes at 
Relationships between runoff and precipitation
A precipitation-runoff double cumulative curve was used to detect the breakpoints of the precipitation-runoff relationships in different sections from 1956 to 2010. As Table 5 for the affected periods. Runoff in the Lanzhou section decreased by 18.70% compared with the reference period.
Additionally, the contributions of human activities and precipitation variations are 74.87% and 25.13%, respectively.
In the Toudaoguai section, the runoff is more negative com- relatively less human activity. Thus, the area has relatively saturated soil conditions that promote runoff. Runoff is more sensitive to precipitation changes in the Lanzhou region than in other regions. Furthermore, the spatial precipitation distribution and trends reveal that no significant variations occurred in the upper reaches of the Lanzhou section. Additionally, the declining annual runoff trend in Lanzhou is insignificant because of the strong relationship between runoff and precipitation. In the Toudaoguai section, the river flows across the Loess Plateau and less water enters the river from fewer tributaries. As a result, more water is consumed in this region due to a high evaporation rate and drought soil conditions on the Loess Plateau.
Therefore, runoff in the Toudaoguai section is less sensitive to precipitation than in the Lanzhou section.
To further investigate the sensitivity of runoff to precipitation, △Q% À △P% was calculated as a function of △P%, as shown in Figure 11 When 0 <△P% <10, there was little runoff response to precipitation in different regions. When △P% >10, the runoff response to precipitation change was more sensitive in the Lanzhou section, followed by the Lijin, Huayuankou, and Toudaoguai sections.
In addition to the significant impact of precipitation on the regional runoff in the YRB, other global climate changes also influence the hydrological cycle. In particular, global warming has increased air temperatures in the river basin, causing increased evapotranspiration (Zhang et al. ) .
Since 1970, the average annual air temperature over the river basin has increased from 16.5 W C to 17.5 W C (Xu ). As a result, the evapotranspiration from agriculture and reservoir evaporation have increased. Thus, the climate of the YRB has become warmer and drier, while the regional runoff has decreased. 
Impacts of human activities on the runoff
According to the results of Table 5, More than 94% of this area is located in the Toudaoguai section (Table 6 ). Hyper-irrigation directly reduces the regional water discharge due to water consumption by irrigation fields. The runoff decrease in the upper reaches has been affected by increasing water diversion from the main stream for irrigation and industrial utilization. Therefore, the impacts of human activities on runoff are most significant in the upper reaches. As a result, the runoff trends at three stations (Guide, Lanzhou, and Toudaoguai) in the upper reaches have declined. However, the annual precipitation trend at one station displayed a significant increase ( Figure 4 ).
In the middle reaches of the YRB, soil conservation practices, including biological measures (e.g., trees and pasture) and structural projects (e.g., terraces and dams), were implemented in the 1970s and 1980s because of severe soil losses that contributed to >90% of the total river sediment load. Thus, the DMC exhibits breakpoints in 1970 and 1990 ( Figure 10 ). The effects of human activities on runoff increased gradually, reaching 80.36% and 80.63% in the two affected periods. As shown in Table 7 , the soil This study illustrated the runoff changes in the YRB and analyzed the influences of precipitation and human activities on runoff variations. The influences of evaporation, air temperature, and land use change on runoff are not considered due to data limitations. Future studies will consider these factors in an attempt to fully reveal the impacts of climate change and human activities on runoff variations in the YRB.
